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The size-dependent decoherence of the exciton states resulting from the spontaneous emission is
investigated in a semiconductor spherical microcrystallite under condition aB ≪ R0 ≤ λ. In general,
the larger size of the microcrystallite corresponds to the shorter coherence time. If the initial state
is a superposition of two different excitonic coherent states, the coherence time depends on both the
overlap of two excitonic coherent states and the size of the microcrystallite. When the system with
fixed size is initially in the even or odd coherent states, the larger average number of the excitons
corresponds to the faster decoherence. When the average number of the excitons is given, the bigger
size of the microcrystallite corresponds to the faster decoherence. The decoherence of the exciton
states for the materials GaAs and CdS is numerically studied by our theoretical analysis.
PACS numbers: 42.50.Fx, 71.35-y
The field of quantum computation and information
processing is being extensively investigated due to possi-
bility of finding solutions to some intractable problems on
classical computers using the paradigm of quantum me-
chanics. Superposition principle of quantum mechanics
forms the strong basis for the realization of the quan-
tum computation and information processing schemes.
The carrier of the quantum information is called as qubit
which can take not only logical zero or one values as in its
classical counterpart, but also their superposition. Any
two-level system is suitable for the realization of qubits.
As low-dimensional semiconductor structures, quan-
tum dots are very promising candidates for carrying
quantum information because of their atom-like prop-
erties. The experimentalists have made great progress
in the coherent observation and manipulation of states
in systems of quantum dots [1, 2, 3], including demon-
stration of the quantum entanglement of excitons in a
single dot [4] and a quantum dot molecule [5], or Rabi
oscillations of excitons in single quantum dot [6]. The
quantum gate realization based on the localized electron
spins of quantum dots as qubits has been proposed [7].
A scheme of the controllable interactions between two
distant quantum dot spins by combining the cavity quan-
tum electrodynamics (QED) with electronic spin degrees
of freedom in quantum dots was proposed [8], and the de-
gree of quantum entanglement was further analyzed [9].
The reference [10] theoretically investigates the entangle-
ment of excitonic states in the system of the optically
driven coupled quantum dots and proposes a method
to prepare maximally entangled Bell and Greenberger-
Horne-Zeilinger states. An all optical implementation
of quantum information processing with semiconductor
macro atoms based on excitons was also proposed [11].
It is well known that pure quantum superposition
states can hardly survive for a long time. Because the
interaction of any system with the surrounding environ-
ment is unavoidable in a physical realization, the energy
of the superposed state of the system is dissipated into
environment or the relative phase of the superposed com-
ponents is disturbed by the environment. The environ-
ment effect on the qubit defined by the exciton state has
been investigated [12, 13, 14] in quantum dot with fixed
size. However, in general, one can expect that increasing
the size of a quantum dot results in stronger decoherence
rates due to the increased overlap between the system
and the environment.
In this report, the size-dependent decoherence is dis-
cussed in detail for a system of the semiconductor spher-
ical microcrystallite (SSM) whose radius R0 is smaller
than the wavelength λ of the relevant radiation field, but
much larger than the Bohr radius aB of exciton in bulk
semiconductor, i.e. aB ≪ R0 ≤ λ. We assume that
the excitation density is so low that the average number
of excitons in the Bohr radius volume is no more than
one. Thus the interactions between the excitons can be
neglected. For the optically allowed lowest-energy exci-
tons, the size-dependent Hamiltonian can be given under
the rotating wave approximation as [15].
H = h¯Ωb†b+ h¯
∑
k
ωka
†
kak
+ h¯χ
∑
k
eˆk · −→µ cv√
h¯ck
(b†ak + ba
†
k) (1)
with χ =
4ΩR
3/2
0√
V πa3B
. Here eˆk is a unit polarization vec-
tor of radiation field, −→µ cv is interband transition dipole
moment, V is volume of the microcrystallite, k is wave
vector of the radiation field, ak(a
†
k) are the annihilation
(creation) operators of radiation field with frequency ωk,
2and b(b†) is the annihilation (creation) operator of the ex-
citon with the transition energy h¯Ω = Eg −Ebexc+ h¯
2π2
2MR2
0
where Eg is the energy gap between the conduction and
valence bands, Ebexc is binding energy of the excitons and
M is the mass for the center-of-mass motion which is
a sum of the effective masses me and mh for the elec-
tron and hole, respectively, in the conduction and valence
bands, i.e. M = me +mh. The operators for both ra-
diation field and excitons are bosons. The Hamiltonian
(1) shows that both the exciton energy Ω and the cou-
pling constants (χeˆk · −→µ cv)/
√
h¯ck between the exciton
and radiation fields depend on the size R0 of the micro-
crystallite, which means that the different sizes of the
microcrystallites result in the different decay rates of the
excitonic states.
In order to show how the different sizes of microcrys-
tallites affect the coherence of the exciton states, we give
the Heisenberg equations of motion for operators of the
radiation field and excitons corresponding to Hamilto-
nian (1) as [16, 17]
∂B(t)
∂t
= −iχ∑k eˆk·−→µ cv√h¯ck Ak(t)e−iωkt+iΩt, (2a)
∂Ak(t)
∂t
= −iχ eˆk·−→µ cv√
h¯ck
B(t)e−iΩt+iωkt, (2b)
where we have applied rotating frame transformation
to the exciton and radiation field variables with b(t) =
B(t)e−iΩt and ak(t) = Ak(t)e−iωkt. Then we can obtain
the formal solution of Ak(t) as
Ak(t) = Ak(0)− iχ eˆk ·
−→µ cv√
h¯ck
∫ t
0
B(t′)e−iΩt
′+iωkt
′
dt′. (3)
Substituting Ak(t) in Eq.(2a), we get
∂B(t)
∂t
= −iχ
∑
k
eˆk · −→µ cv√
h¯ck
Ak(0)e
−iωkt+iΩt
−
∫ t
0
B(t′)K(t− t′)dt′ (4)
with the time-dependent kernel function
K(t− t′) = χ2
∑
k
|µcv|2 cos2 θ
h¯ck
e−i(Ω−ωk)(t
′−t), (5)
where θ is the angle between the interband transition
dipole moment −→µ cv and electric field polarization eˆk.
Without loss of generality, we assume that the interband
transition dipole moment −→µ cv of the optically allowed
exciton is along the z axis and radiation is isotropic. In
order to give the time-dependent kernel functionK(t−t′),
we change the summation over k into integral [15]
∑
k
→ 2V
(2π)3
∫ ∞
0
∫ 2π
0
∫ π
0
ω2
c3
dω sin θdθdϕ, (6)
where the integration is taken only over the volume V
of the microcrystallite, because the interband transition
dipole moment−→µ cv vanishes outside the microcrystallite.
The assumption ofR0 ≤ λmakes the polariton effect neg-
ligible implying the rapid radiation of excitons due to the
breakdown of the translation symmetry. Consequently,
we can consider that the radiation light intensity of mi-
crocrystallite is going to be centered at the transition
frequency Ω, which is known as the Weisskopf-Wigner
approximation [16]. Then the kernel function is found as
K(t− t′) = 32π
(
R0
aB
)3
γsδ(t
′ − t) (7)
with γs =
4|µcv |2Ω3
3h¯(2πc)3 depending on the size of microcrys-
tallite. Replacing the kernel function of Eq.(7) in Eq. (4)
and taking the Laplace transform, the exciton operator
B(t) is found as
B(t) = B(0)e
−32π( R0aB )
3γst − i
∑
k
uk(t)Ak(0), (8)
uk(t) is given as
uk(t) =
χeˆk · −→µ cv√
h¯ck
exp(−64πR30a3 γst)− exp[−i(ωk − Ω)t]
−64πR30a3 γs + i(ωk − Ω)
.
(9)
From Eq.(8), it can be found that the spontaneous emis-
sion rate of exciton is 64π(R0/aB)
3 times higher than
that of an atom which has the transition frequency Ω and
the transition dipole moment −→µ cv [15]. This increase in
the spontaneous emission rate can be explained by the
fact that the exciton is coherently excited over the whole
quantum microcrystallite. Thus coherent excitation re-
sults in a coherent transition dipole moment and a su-
perradiant character. It is obvious that the information,
which is carried by the state of the exciton, is lost with
the time evolution because of the energy dissipation due
to spontaneous emission of the exciton. The loss rate of
the information depends on the factor 32π (R0/aB)
3 γs.
Now lets analyze how the size-dependent decoherence
affect a qubit defined in the computational basis of the
vacuum state |0〉 and single-exciton state |1〉. If the ex-
citon system is initially in a qubit state α|0〉+ β|1〉 with
|α|2 + |β|2 = 1, and the radiation field is initially in the
multimode vacuum state
∏
k |0〉k, after an evolution time
of t, the state of the system will become [12],
|ψ(t)〉 = U(t)[α|0〉+ β|1〉]⊗
∏
k
|0〉k
= α|0〉 ⊗
∏
k
|0〉k + βU(t)b†|0〉 ⊗
∏
k
|0〉k
= [α|0〉+ βe{−32π(
R0
aB
)3γst−iΩt}|1〉]⊗
∏
k
|0〉k
+β|0〉 ⊗
∑
k′
uk′(t)e
−i(Ω+ωk′ )t|1〉k′ ⊗
∏
k 6=k′
|0〉k,(10)
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FIG. 1: Characteristic time τ as a function of size 200 A˚ <
R0 < 500 A˚ for the CdS and GaAs microcrystallites when
the systems are initially in the superposition of the vacuum
and single-exciton states.
where the properties of the time evolution operator
U †(t)bU(t) = b(t) and U(t)|0〉 = 0 with U(t) = e−iHt/h¯
are applied. Because we are interested in the exciton
system, the multimode radiation field degrees of freedom
are traced out and the reduced density operator of the
exciton system is found as
ρ(t) = (1 − η(t)|β|2)|0〉〈0|+ αβ∗F (t)eiΩt|0〉〈1|
+ α∗βF (t)e−iΩt|1〉〈0|+ η(t)|β|2|1〉〈1| (11)
with η(t) = exp
{
−64π(R0aB )3γst
}
. The slowly varying
time-dependent factor F (t) of the off-diagonal elements
in Eq.(11), which can be written as
F (t) = exp
{
−32π(R0
aB
)3γst
}
= exp (−t/τ), (12)
is used to characterize the coherence of the superposed
excitonic state α|0〉 + β|1〉. The characteristic time τ of
the decoherence is given as,
τ =
3h¯4π2c3a3BM
3R30
2|µcv|2[2MR20(Eg − Ebexc) + h¯2π2]3
. (13)
To give a better insight to the problem, we give some
numerical values for the chosen materials, CdS and GaAs.
The following characteristic parameters for those ma-
terials are taken from references [15, 18]. For CdS,
Eg = 2.583 eV, E
b
exc = 30 meV, aB = 30 A˚,
|µcv |2
(ǫ0a3B)
= 0.25
meV with the static dielectric constant of the bulk crys-
tal ǫ0 = 8, me = 0.25m0 and mh = 1.6m0 where m0 is
the rest mass of electron. For GaAs, Eg = 1.52 meV,
Ebexc = 5 meV, aB = 100 A˚,
|µcv |2
(ǫ0a3B)
= 0.025 meV with
ǫ0 = 12.53, me = 0.0665m0 and mh = 0.45m0. The area
of the microcrystallite size is taken as 200A˚≤ R0 ≤ 500A˚
in Fig. 1. In this range, the wavelength is around 5000
A˚ for CdS, and 8000 A˚ for GaAs, thus the condition
aB ≪ R0 ≤ λ is satisfied.
In order to show how the characteristic time τ changes
with the size R0, we give Fig. 1. It is seen that a larger
size of the microcrystallite corresponds to a shorter char-
acteristic time τ . So the larger is the size of microcrystal-
lite, the faster is the decoherence of the superposition of
two exciton states for a given material. But the exciton
state for different materials have the different decoher-
ence times even if the size of the microcrystallites are
the same. This is due to the different couplings of the
systems with the radiation field. Comparing the deco-
herence characteristic time of CdS and GaAs in Fig. 1,
we find that the coherence time of the exciton state for
GaAs is longer than that of CdS for a given size. This re-
sult shows the importance of material choice in obtaining
longer coherence time.
Here, we consider another kind of qubit state formed
by the superposition of coherent states, for example,
we can define the even coherent state N+[|α〉 + | − α〉]
as the logic zero state |0〉L and the odd coherent state
N−[|α〉 − | − α〉] as the logic one state |1〉L where N± =
(2± 2e−2|α|2)−1/2 and |α〉 is an eigenstate of the bosonic
operator. These states can be prepared by the photon
states in cavity quantum electrodynamics and by mo-
tional states of trapped ions [19]. Such logical qubit en-
coding can be used as the correction of the spontaneous
emission errors [20]. We first assume that the exciton sys-
tem is initially in a superposition state of two coherent
states |α1〉 and |α2〉 of the exciton annihilation operator
|ψ〉 = C|α1〉+D|α2〉, (14)
and the radiation field is in the multimode vacuum state∏
k |0〉k. By using the same approach as reference [17]
and Eq.(8), we can find that the time-dependent reduced
density operator for the exciton system is
ρ(t) = |C|2|u(t)α1〉〈u(t)α1|+ CD∗F (t)|u(t)α1〉〈u(t)α2|
+ C∗DF ∗(t)|u(t)α2〉〈u(t)α1|
+ |D|2|u(t)α2〉〈u(t)α2| (15)
where u(t) = exp{−32π(R0aB )3γst − iΩt} and the time-
dependent decoherence factor is
F (t) = exp
{[
−|α1|
2
2
− |α2|
2
2
+ α1α
∗
2
]
×
[
1− exp
{
−32π(R0
aB
)3γst
}]}
. (16)
It is understood that the decoherence of the superposition
state of two coherent states is determined by both the
properties of the microcrystallite and the overlap between
two coherent states. Due to the existence of the vacuum
state component in the excitonic coherent state, it is also
observed that the decoherence factor F (t) does not tend
to zero in the long time limit t→∞.
For the qubit states which are defined by the even
and odd coherent states (also referred as the Schro¨dinger
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FIG. 2: Characteristic time τ as a function of size 200A˚ <
R0 < 500 A˚ for CdS and 600A˚ < R0 < 1000 A˚ for
GaAs microcrystallites for different average numbers of exci-
tons: |α|2 = 2 (dot-dashed curves), |α|2 = 4 (dashed curves),
|α|2 = 6 (solid curves) when the systems are initially in the
even or odd coherent states
cats), the decoherence factor is
F (t) = exp
{
−2|α|2
[
1− e
{
−32π( R0aB )
3γst
}]}
. (17)
For the behavior of the short time 32π(R0aB )
3γst ≪ 1,
the characteristic time τ of the decoherence for the
superposed excitonic coherent states is approximately
1/(2|α|2) times of that in Eq. (13). In order to discuss
how the characteristic time depends on the size and the
average number of the excitons in detail. We plot Fig. 2
with different average numbers of the excitons in ranges
200 A˚ ≤ R0 ≤ 500 A˚ for CdS and 600 A˚ ≤ R0 ≤ 1000
A˚ for GaAs, in which the conditions of the bosonic de-
scriptions of excitons and aB ≪ R0 ≤ λ are still valid. It
is found that the larger average number of the excitons
corresponds to the shorter characteristic time when the
size of the microcrystallite is fixed, and the larger size
of the microcrystallite corresponds to the faster decoher-
ence when the average number of the excitons is fixed.
In summary, we have studied the size-dependent de-
coherence for the semiconductor microcrystallites. It is
found that microcrystallites with larger sizes have shorter
coherence time of the exciton states. If the system is ini-
tially in the superposition of two different excitonic co-
herent states, the coherence characteristic time depends
on both the sizes of the microcrystallites and the overlap
between the two coherent states. A numerical study of
the decoherence of the exciton states for the materials
GaAs and CdS is carried out based on our theoretical
analysis. This numerical analysis clearly shows the im-
portance of material choice on the decoherence charac-
teristics of microcrystallites. It also should be pointed
out that our study cannot simply be generalized to the
small quantum dot whose effective radius R0 is smaller
than the Bohr radius aB in the bulk semiconductor when
there exist many excitons in a quantum dot. Because the
Pauli principle prohibits the two or more excitons from
occupying the same energy state in the small quantum
dot. The details need to be studied further.
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